Airborne diseases have always been one of the main causes of human morbidity and mortality worldwide.
There are hundreds of airborne communicable pathogens 1 resulting in millions of deaths and injuries annually. With the continuous development of epidemiology and other related disciplines, combined with the promotion of modern engineering technology, the control methods of airborne transmission have been developed markedly, 2 but the spread of these diseases has never been stopped, resulting in endless social and economic losses. According to the WHO statistics, 3 about 5-10% of the world's adults and 20-30% children suffered from influenza each year, causing 300-500 million severe cases and 20-50 million deaths. Although tuberculosis can be treated and cured at present, nearly eight million people were still infected each year, and two million of these died every year. 4 Therefore, how to effectively reduce the casualties caused by airborne infection and control the spread of these airborne diseases is one of the most urgent problems that need to be addressed in the field of epidemiology and other associated disciplines.
An important reason why airborne diseases are difficult to control is that they can easily spread in crowded places. For example, schools and nursery institutions have always been prone to high incidences of influenza; tuberculosis, severe acute respiratory syndrome (SARS) and norovirus. All these have been documented to spread in aircraft cabins. Similar crowded spaces also include crowded offices, public transports conference rooms, restaurants, theatres and so on. Due to the large density of occupants and relatively long exposure time, respiratory infectious diseases are prone to outbreak in these places. Many studies have indicated that the incidence of respiratory diseases is closely related to the density of people or the degree of crowding. Although the ventilation rates (especially for fresh air) have been raised according to various standards for such highly occupied spaces, 5 these are really aimed at maintaining good indoor air quality and thermal comfort without a proper consideration to control airborne infection. Meanwhile, the increase of air change rate of ventilation can cause a higher burden of energy consumption. The outbreak of diseases such as SARS and influenza A virus in recent years has brought profound lessons to our ventilation design. The previous simple design of airflow distribution cannot meet the needs of protecting indoor human health and reducing threats of new diseases any more. The new balanced ventilation mode with a comprehensive consideration of energy conservation, thermal comfort, air quality and health should be developed.
There are mainly two ventilation strategies applicable to control the risk of cross-infection in highly occupied spaces. One way is to increase the total ventilation rate to a sufficient level to minimize airborne infection, but how much ventilation air is sufficient is still a controversial subject of debate. 2 The other way is to improve the ventilation efficiency for individual occupants. Personalized ventilation (PV) which delivers fresh air directly to the occupant's breathing zone can serve as a possible solution. Figure 1 depicts the relationships between ventilation modes and airborne infection risk in highly occupied spaces.
Human breathing, e.g. coughing, sneezing, speaking, breathing, etc. is one of the most important sources of airborne transmitted pathogens. Effective engineering and environmental control methods should be able to intervene the transport of respiratory droplets produced by an infected occupant and to prevent them reaching the breathing zone of other occupants who share the same room. That is the difficulty of any ventilation design because it requires the ventilation airflow to effectively intervene the microenvironment around a human body. Especially for crowded spaces, the intervention of ventilation to the microenvironment between occupants will be more challenging and an elevated infection risk can be predicted due to the closer contact between each other.
Traditional total volume ventilation principles, such as mixing ventilation and displacement ventilation, could dilute the concentration of pathogens in rooms and control the airborne transmission to some extent, but they do not guarantee the ventilation efficiency in the microenvironment of each individual. In Figure 2 , two persons perform normal breathing under a mixing ventilation context. The exhaled airflow of the right subject directly penetrates the thermal plume of the left subject and is then brought up to the breathing zone. The background ventilation, namely mixing ventilation, cannot protect the exposed subject timely and effectively, but can only interfere with this microenvironment formed between the two persons indirectly through affecting the background contaminant level. This microenvironment for potential disease transmission is actually affected by a number of factors including different breathing activities, human body plumes, dispersion of exhaled flow and its interaction with room ventilation and so on, which add more complexity to the airflow patterns in the confined environment around a human body.
PV is an advanced ventilation mode that directly interferes with a human microenvironment, as shown in Figure 3 . It provides clean air directly to the breathing zone of each occupant and thus improves perceived air quality with high ventilation efficiency. PV is PVþ underfloor ventilation Office PV þ underfloor ventilation provided excellent protection of seated occupants from pollution, while the concentration of exhaled air increased in the room. Nielsen et al. 10 Pillow or blanket PV Hospital ward A high degree of protection can be obtained with PV, which may reduce the risk of cross-infection. Gao and Niu 11 PV nozzle placed below passenger's nose Aircraft cabin PV, through the distribution of fresh air directly in the breathing zone, was able to shield up to 60% of air pollutants in a passenger's inhalation. Pantelic et al. 12 Desk PVþ mixing ventilation Office PV was able to both reduce the peak aerosol concentration levels and shorten the exposure time. Habchi, et al. 13 Ceiling PV equipped with desk fans
Crowded office Occupancy density in an office can be enhanced with PV while maintaining better IAQ compared with mixing ventilation PV: personalized ventilation; IAQ: indoor air quality.
considered as a promising ventilation mode for reducing cross-infection between patients and medical staff in isolation hospital ward, 8 and its application in controlling cross infection in public buildings is attracting increasing research interest. There is already evidence that PV integrated with mixing ventilation is superior to mixing ventilation alone in terms of protecting occupants from airborne pathogens.
9 Table 1 summarizes relevant studies.
PV has been applied for many years in vehicles and theatres, but studies on PV applied in disease control area are still very limited, see Table 1 . In most cases, the application of PV is aimed at improving occupants' thermal comfort. As an efficient ventilation mode, if properly used, PV will gradually show its advantages in both minimizing cross infection and lowering of energy cost. Especially in conference rooms, classrooms and other similar crowded places, occupants will benefit from the application of PV with high ventilation efficiency for individuals. Relevant studies need to be carried out in the future.
In order to explore the potential of PV in airborne infection control in highly occupied spaces, the following aspects need to be studied in future work:
• Interaction of PV flow with large droplets (>5 mm).
Can PV effectively intervene the route of droplet transmission ( Figure 1 )? • PV may promote mixing of exhaled pathogens with room air when the infected person uses PV. There may be a risk for other occupants who do not use PV for protection in the same room. Will this become a limitation for PV to be applied in crowded spaces? • Complex airflow interactions in the breathing zone should be considered as they may interfere with the transmission of infectious agents. Figure 3 illustrates the possible flows interacted in the breathing zone. Careful considerations of airflow distributions may also be helpful to optimize ventilation design.
• Development of a PV system with high performance for application in infection control, energy saving and thermal comfort.
